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_NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

t ADVANGE CONFIDENTIAL REBORT

SIMPLE CURVES FOR DETERMINING THE EFFECTS
" OF COMPRESSIBILITY ON PRESSURE DROP THROUGH RADIATORS
By John V. Becker ‘'and Donald D, Baals

SUMMARY

Simple curves are presented by which the basic
pressure-drop characteristics of unheated tubular
radlators can be corrected to operating conditions in
which the radiator 1s heated and in which the Mach number
of the tube flow is of appreclable magnitude. The only
data required for the use of the curves are the radlator
dimensions, the rate of heat input, the pressure and
temperature ahead of the radlator, and the rate of mass
flow of alr through the radiator.

The accuracy of the curves for predicting the
compressibility effects for unheated radlators 1is
confirmed by comparison with test data obtalned from two
Andependent sources. An example of the use of the curves
for a typical oil-cooler lnstalletian-is glven.

INTRODUCTION

The pressure-drop coefficlent for a cold tubular
radiator, as usually determined from tests with low
alrspeed in the tubes, 1s known to be subject to
correction 1f the radlator is operated under condltions
in which an appreciable denslty decrease occurs as the
air passes along the tube. This decrease in denslty may
be caused by the increase in absolute temperature due to
the addition of heat, by .the reduction in absolute static
pressure due to the pressure drop within the tube, or by
both. The density decrease due to the addition of heat
is important under all operating conditions, but the
density decrease due to the statlic-pressure reduction
becomes important only when the pressure drop is apprecl-
able in comparison with the absolute statlic pressure -
that 1s, when the Mach number of the tube flow becomes
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of appreciable magnitude (reference 1l). In high-speed
airplanes, neglect of the Mach number effect wlll result
in sizable underestimation of the pressure drop reguired
to induce the necessary cooling-alr flow.

A number of investigators have demonstrated that
compressibility has no appreclable effect on the heat-
transfer coseffliclent. The temperature difference on
which the heat-trdansfer calculations at high Mach numbers
must be based, however, is the difference between the
wall temperature and the stagnatlion temperature of the
cooling alr rather than the true temperature of the
cooling air. (See reference 2.) Test data on the heat-
transfer characterlstics obtained at any test Mach number
may thus be used to determine the mass flow required for
cooling for the design conditlon. In the present report
the mass flow 1s assumed to have been so determined - -
and the report 1s concerned only with the determination
of the pressure drop necessary to induce the regqulred
mass flow.

The purvose of the present paper 1s to present
curves from which the basic pressure-drop characteristics
of cold radlators can be corrected to operating condltions
in which the radiator is heated and the Mach number of
the tube flow 1s of appreclable magnitude. The only
requirement for the use of the curves 1s knowledge of
the radiator dimenslons, the rate at which heat is to be
dissipated, the pressure and temperature ahead of the
radlator, and the rate of mass flow of alr through the
radlator. The curves are constructed for a Mach number
range from zero to the maximum attainable Mach number
corresponding to existence of sonic velocity at the
exlts of the tubes.

A knowledge of the theory by which the curves are
derived 18 not essential to their use. TFor the sake of
completeness, however, this theory 1s briefly reviewed
herein. For the convenlence of the reader, the report
1s presented under three maln headings. The theory 1s
found in the section entitled Yanalysis." The validity
of the theory and the accuracy of the curves 1s confirmed
by comparison with experlimental data obtalned from
references 3 and I} in the section entitled "Comparison
of Theoretical Results with Experimental Data." The use
of the curves is illustrated by a typical example in the
section entitled "Example of Use of Curves."
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SYMBOLS

A cross-sectional area of duct or radlator tube,
square feet

a velocity of sound in air, feet per second

cp skin-friction coefficient (Df/QrZS)

Cpe mean skin-friction drag coefficient of radlator
tube (Df/q_raAra)

Cp specific heat at constant pressure (for air,
0.2l Btu/1b/°F)

Dr drag force due to skin friction in a radlator
tube

d radlator-tube dlameter, feet

g acceleration of gravity, feet per second per
second

heat added in radlator, Btu per second
total pressure, pounds per square foot
Ah total-pressure loss, pounds per square foot

radlator-tube length, feet

M Mach number (v/a)

m mass-flow rate, slugs per second

Meop mass-flow rate at which sonlc veloclity is attained
at tube entrance (% = 9)

P statle pressure, pounds per sguare foot

Ap static-pressure decrease, pounds per square foot

q dynamic pressure, pounds per square foot (%pv%)
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R Reynolds muuber pvd oy _md_
7 Apol
S area of inside surface of radiator tube, square
feet
T alr temperature, ©F absolute
AT air temperature rige, OF
v velocity in radiator tube or 1in duct, feet per
second .
P density, slugs per cublic foot .
y 2 6
Fo compressiblility rfactor 1+ K- . ME + M _ ..
n Lo 1600
o viscoslity of alr, pound-seconds per square foot
Subscripts (see fig. 1):
2 statlon in duct ahead of radiator
3 station in duct behind rediator
g friction component
1 low speed, lncompressible-flow condition
ro withlin radiator at tube entrances
ra within radlator at tube exlts

ANALYSIS

Derivation of Equation Relating Pressure Drops for
Compressible and Incompressible Flow

For the purpose of the present analysls the pressure
drop across the radlator 1s taken as the difference
between the total pressure at a station Just ahead of
the front face of the radiator and the statlc pressure
at the tube exlts. A diagram of the flow system across
the radiator 1s shown 1n figure 1. The statlion desig-
nations used 1n this filgure were taken from reference 1.
The pressure drop across the radiator for this system is
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defined by the equation

AP =By T _pr,.j P - R

It will be shown subsequently herein that the results of
the anulysis can be applied to other definitlions of the
pressure drocp, such as pp =~ Pz, P2 - prs, or hy - h5.

The pressure drop can be convenlently divided into
two componsale: the pressure drop due to acceleration
of the air Into the tube entrance and the pressure drop
within the tube due to friction and momentum change.
From equation 13 of reference 1, Ap may be expressed as
the sum of these two components:

P '
l Dr r2
= + 2 — -
ap . iqPZ Fcra] * [Ara ar, (Pr5 ) (1)

This equation can be evaluated with the ald of data glven
1n references 1 and 5, but the process 1s not simple. The
problem can be simoplifled by assuming that the pressure
drop for cold incompressible-flow condltlons, herein
designated Apy, 1s known from baslc test data for the
radiator. The value of Ap for operating conditions

can then be obtalned 1f the ratio Ap/Apy 1s evaluated.

From equatlion (1), for the incompressible unheated
condition (F,=1, Bzé = 1.0), the calculated value of
r3

Apy is slmoly D
£y
Apy = Qpp *+ Ay, (‘TZKIE (2)

2
More specifically, since qr2 = Z%E (%%%) in incom-
2

D
pressible flow and 1f a;—%;z 1s replaced by chi’
2

1 m
py = =— (=— j 1 + Cp 2a
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An approximate application of equation (2a) that is
in general use for estimating radlator pressure drops for
conditions other than the test condltilon 1s

Ap = A patest
P = OPgeat™ pa

The "test" pressure drop 1s measured with the mass flow m
required for the design heat dissipation. This formula
obviously neglects both Reynolds number effects (changes
in chi) and compressibllity effects, both of which are

too large to be neglected in many present-day applications.

It i3 convenlent at thlas polnt to 1llst the equatlons
for evalusting Ap: for all usable definitions of the

radiator pressure drop. From equation (2) or (Z2a),

hy) - p
(———Ez> =1+ CDfi (2b)
1

Qrz

2
“rp
Similerly, since pp, = hp - q2 &and qp = ar, EE{) ,

2
D2 = Pr Ar2
(--——iq ) =1+ Cp, - -A—-> (2¢)
r, 1 i 2
Pp - Pi
In order to evaluate o an assunmption must be
2 /1

made as to the locdtion of statior 3. It 1s assumed that
this statlion is far enough behind the radlator for the
velocity distribution across the duct to be uniform. Then,
from equation 12 of reference J, for incompressible flow,

- i A 27
qr2 1 5 3 l
L. -
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whence,
| Pa - p3 o AI’.2>2"' .Ara“ - A-I'.~2>-2- —— e
=1+C -\—=) = 2|5 -\ T {ed)
( dr, ) Dey, " \&3 Az A3 /

The solution for incompressible flow,

hy - h3 = p2 - o3 +qp - q3

(ue29) ) - -

h, - h
1s used to evaluate <:j£———;%> by use of equation (2d) as
i

or

qr2

- 2
h, - h Ap Ap
q.r fi A A
2/ 3 3

As discussed in reference 1, the quantity Dfi/qrahra
or CDfi 1s a drag coefficlent. The value of this basic

friction factor depends on the skin-friction coefficient
and on the tube length-dlameter ratio. Prom the definition
of c¢p, y

De

C = 1 = Ll_c L)
Dfi qraﬁ;z f\d

The skin-friction coefflcient cy for a glven tube

depvends only on the Reynolds number (references 3 and l).
The addition of heat within a tube has little effect on
the local Reynolds number because the quantity pV remalns
constant along the tube and, 1n usual cases, there 1s
l1ittle change 1n viscoslity. Figure 2, which i1s based on




8 Qaselpegad NACA ACR No. L4123

the relations presented in reference 5, allows c¢
and Cpp, to be obtained for any tube L/d& ratio for a

wide range of Reynolds number or mass-flow rate, As
indicated 1n figure 2, the Reynolds number may be
evaluated directly from the mass-flow rate, the area, and
the viscoslty. For usual applications the viscosity at
station 2 may be used instead of the viscoslty at

station r2 with negligible error in the resulting

pressure-drop evaluatlon.

The ratio of equation (1) to equation (2) can be
expressed as

AP/@rZ _ 1 c + 2 Pr )
(Ap/qrz)i T+ Cpg, ch Des Prs

Now
Ar, apra < )2

292 APZ

From reference 1, if q, 1s small in comparison with Apros

P2 2\2+5
Therefore,

2.5
1 + 0.2Mp,2 _ cD op
Ao _ ( r2 ) 7 f CDe. + 2 r2 _, (3)
APy 1+ Cpgy ery * f1 Prs

Evaluation of Equation (3)
The method of evaluation of the terms in equation (3)

for any comblnation of the known condlitions ahead of the
radlator, the mass-flow rate, and the heat-input rate will

now be dlscussed.
C, T
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The Mach number at the tube entrance Mr,, which

appears in equation (3), depends only on the known mass-
flow rate, the known temperature and pressure at
station 2, and the leak area through the radiator. From
figure 3, Mra can be obtained directly for any

comblnation of these basle conditions.

The terms Cpg, chi’ and Pr2/9r3 in equation (3)
are lnterdependent. The frictlon drag coefficlent CDf
for the actual operating condition 1s greater than chi’

except when the tube flow 1is cooled appreciably, as in
the case of charge-alr flow through intercoolers. The
ratio CDT/CDfi 1s dependent on the values of Mpr,

and Pr2/9r3- These values govern the lncrease in dynamic

pressure along the tube and hence determine the drag
force due to skin frictlon Df under actual operating
condlitions. In reference 1, an approximate emplrical

‘relation was assumed, as follows:

Soe _1 (), P2
C T2 p
Dfi r3

This relation has been found to be ilnaccurate except
for values of prz/pr3 near unity. An exact evaluation

of ch/CDf1 has been made for unheated tubes with

the ald of reference 6. Equation 12 of reference 6
glves the following relation between CDfi’ Mrz,

and Pr2/9r3, obtained from a solutlon of the differential
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equation of the unheated flow through a constant-area
tube:

From equation (10) of reference 1 the corresponding
relation for CDf, based on considerations of continuity

and of momentum and energy changes between the entrance
and exlt of the tube, 1s

Pra Pra (Prp
E‘-l'oa’rz pr5 +7°Pr5 7’-1;-])
Cp, = (5)
0. 7":1‘2 pr3

The ratio of equation (5) to equation (li) has been
evaluated for the complete range of denslity-ratio values
corresponding to a number of constant values of Mr,

and the results are plotted in figure L.

The procedure then used in the evaluation of CDf
and Pr2/pr3 with the aid of figure l, for given values
of CDf1 and Mrz, was as follows:

(1) on the assumption that Cpp = chi’ equation 5
was used to obtaln an approximate value of Pr2/9r3-
Flgure 5(a) of reference 1 1s a solution of eguation 5.
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(2) With this value of prz/prs, CDf/CDrl was

determined from figure ) and a second approximation
for Cpp was thus obtalned.

(3) This more exact value of Cp, was used and

the procedure was repeated to obtain a third approximation

The values determined from the third approximation

were generally found to have the desired accuracy.

For unheated tubes all the quantitlies involved in
the pressure-drop ratlio (equation (3)) have been shown

to be functlions of only the two fundamental variasbles ch
i

and Mps . The variable CDfi depends on the tube
dimenslions and Reynolds number, and the variable Mrz

depends on the mass flow and state of the air ahead of
the radliator. Both variables can be simply evaluated
for a glven installation, as previously explained, for
the particular deslign conditions under consideration.
Equation 3 has been evaluated for a range of these
parameters and the results are nlotted in flgure 5.
Figure 5(a) shows the pressure-drup ratio plotted against

for unheated radiator tubes of varlous chi values.

When heat 1s added to the tubes,the density ratio
Pr2/9r3 1s increased and the drag coefficlent Cpp 1s

correspondingly 1lncreased for a given mass flow. In the
evaluation of Cpp for the heated condition, the
ratio CDf,/CDfi from figure L was assumed to be the

same, at a given prz/pr3 and Mr5, as for the unheated

conditlion for which figure l} 1s exact. This agsumption
1s belleved Justified rfor practical purposes. IFf heat
were added uniformly at low speed, linsar reduction in
denslty due to heating would occur along the tube. For

a given value of pr2/9r3’ the ratlo CDf/CDf1 would be

greater for a heated tube than for an unheated tube
because of the nonlinearity of the density variation for

L

Mra
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the unheated tube afi the higher Mach number at which the
unheated tube would have to operate to give the same
prz/pr5 value as the -heated tube. Results based on the

assumption that the drag-coefficlent ratio is the same

for heated or unheated flow will thus tend to underestimate
the requlired nressure drop when heat 1s added. The

probable error wlll be seen to be small for usual

operating condltions because the pressure-drop ratio Ap/Ap1

is not critically dependent on the value of Cpp for

these conditlons. The tube Mach number for these condltions
1s generally wecll below the critical, and the density
varlatlon along unheated tubes then approaches llnearity.
The assumption made in calculating Cpp for the heated
condition would therefore not be expected to result in
avpreclable error when the entrance Mach number 1is well
below the crltical.

The relationship among Cpp, Mrp, and Prz/Pr5

for heated tubes 1s given in filgure 5 of reference 1 for
. - E
constant values of the heat-input parameter EEEET;E'
This figure wao used with figure |, as described for the
unheated conditlon to obtaln corresvonding values of CDfi,
H

Cpps and pr2/9r5 for constant values of ESEET;E'
Values of Ap/Api1 were then computed from ejuation 3 and
are shown in figures 5(b) to 5(g). Each part of figure 5

corresponds to a constant value of CpemTrs" As discussed

in reference 1, for the incompressible conditlon,

H _ _ AT

Interpolation will be required to determine Ap/hpi for

values of the heat-input paremeter intermediate to those
for which the curves were derlived. The heat-input
parameter may be evaluated from the following relation
derived on the assumption that v2 1ls small in comparilson
with Vr2=

H !
m = 0.1295 E% (1 + 0.2Mr22> (6)

L



NACA ACR No. LLi123 LNl 13

The results shown in figure 5 indicate that appreciable
“comipressibility effects on the-radlatoer-pressure drop
exlst even at relatively low entrance Mach numbers,
particularly for tubes of large values of .L/d (large
values of chi) and for installations in which

high rates of heating are used. The limlting values
shown on the curves correspond to the attainment of sonic
velocity at the tube exits. No increase 1n mass flow
through the tubes can be effected by lowering the exit
pressure below the limiting value corresponding to sonlc
exit velocity. It 1s interesting to note that this
1imiting condition occurs at Mp, = 0.48 for an unheated

radiator tube of chi = 1.2 (fig. 5(a)), which corresponds

to a 0.196-inch diameter tube with a typical value of L/d
of about 60 for standard conditions ahead of the radi-
ator (fig. 2).

The curves of figures 5(b) to 5(g) include the
effects of both heatlng and Mach number; that 1s, the
figures as glven show the net effect of compressibllity
(density change) on the pressure drop. If separation of
the two effects 1s desired, the Mach number effect alone
can be determined from figure 5(a) for comparison with
the net effect for the heated condltion.

General Application of Equation (3)

Test data for radlators are frequently glven in
terms of Py - p3, Po - pr3, or hp - h3, rather than

in terms of hp - Pr3: which was used 1n the present

analysis. The absolute values of the pressure drop vary,
depending on the definitlon, by 5 to 15 percent 1n usual
cases. The ratlo Ap/Ap;, however, can readily be shown
to be essentially the same for all the definltions of the
pressure drop. figure 5 may therefore be used to evaluate
the compressiblllity effects for other radlator pressure-
drop definltions as well as for hp - pp,.

2

Once the ratio Ap/Apjy 1s obtained from figure 5
g
for the design values of chi’ Mr,, and EBEET;E’

the pressure drop for compressible flow may be obtalned
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from an evaluation of the pressure drop for incompressible
flow. For thlis purncse, use of test data for the unheated
radiator obtalned with moderate rates of air flow (low
Mach numbers) 1s generally desirable. This value of the
pressure Ccrop 1s then corrected to the design mass-flow
and Reynolds number conditions in the usual mamnner without
allowance for compreesibllity effects., With Apy so

determined, the correct pressure drop is computed from
_ {Ap
Ab = (ﬁ) Apy (7)
COMPARISON OF THEORETICAL RESULTS WITH EX¥PERIMENTAL DATA

A limited amount of test data on the pressure drop
in unheated tubes at Mach numbers up to the critical
i1s avallable from references 3 and L. Similar data for
heated tubes are not avalilable. The avallable data will
be &snalyzed and put 1nto such form that direct comparison
can be made with the theoretical results shown by the
curves of figure 5(a).

Exverimental data from reference 3.- Reference 3
presents pressure-drop data for cylindrical tubes of
circular section with rounded entries. A4lr was admitted
from a large reservolr at atmospherlic pressure. The
pressure at the exlt was progressively reduced until the
limiting flow conditicn was attained. The measured mass-
flow rate was expressed nondimenslonally as m/mgp. This

term 1s the ratio of the actual mass flow through the tube
to the mass flow that would exlst 1f sonic veloclity were
attained at the tube entrance. Thls parameter may be
expressed in terms of the entrance Mach number as

m 1.728 My,

Mer  { 2)3
(2 + 0.20Mp,

Pressure data from reference for 20-millimeter-dliameter
tubes with IL/d = 10 and L/d = 60 are given in table I
Values of Mrj corresoonding to equally .spaced values of 5—»

for which the pressure data were taken from reference 3, °r
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are listed as column 2 of table I. The maximum values of
m/mgy -and -Mpo sho@n 1in.table I.were the highest that

could be attained In the tests regardless of the outlet”
pressure and represent the condition at which sonic
veloclty was reached at the tube exits.

In computing the values of Ap/Ap; from the experi-
mental data, equation 2(a) was used; that 1is

A a:m
Py (Fcr

and, since p, Wwas a constant in the tests of reference 3,

Ap
Ap _ K P2

fpg - (m/ mcr)2

The experimental values of columns (1) and (3) were used
to determine the value in column (L) of table I. The value
of K was then chosen to make the experlimental value

of Ap/Apy at the lowest test speed (yrz = o.zho) agree

with the theoretical value obtalned from figure 5(a) for
this low speed., The resulting experimental values
of Ap/Apy are shown in column 5. The theoretical values

of Ap/Ap; shown 1n column 7 for comparison with these
experimental results were taken from filgure 5(a) for the
values of Mra of column 2 and for values of CDf

computed from figure 2 for 20-millimeter-dliameter tubes
with L/d = 10 and 'L/d = 60. Standard atmospheric
entrance condltions and mass-flow values corresponding

to m/mep -are  assumed. The results shown in columns 5

and 7 are plotted against Mp, in figure 6.

The agreement between the pressure-drop ratios for
the theory presented and for experiment will be seen to
be unusually close. The limiting flow condltion, in
which soni¢ velocity was attained at the tube exits, was
also accurately predicted by the theory.
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. Experimental data from referéence lj.- The data given
in reference I were obtained with a cylindrical pipe
0.375 inches in dilameter and ten feet long. Extremely
high pressure drops were required to induce high-speed
flow through the tube because of i1ts unusually high L/d
ratio of 320. 1Inlet pressures of several atmospheres
were used. The testa consisted of measurements of
pressure distribution along the pipe for four combinations
of inlet pressure and outlet pressure. The results of
the tests were analyzed in reference L to determine values
of the effective friction coefficient cp. The value

of ¢r was found to be independent of the Mach number

and to depend on only the Reynolds number, as assumed in
the present report; rurthermore, the values of Reynolds
number and cf were wvirtually the same® at all statlions
along the tube, as was assumed in the present analysis,
Values of Cppy; from the test data agreed with

theoretical values from figure 2 to within i percent.

In evaluating experimental values of the over-all
pressure-drop ratio 4p/4py, A4p; was calculated from

equation (2a) as

2
- (6) @) € )

The baslc data required for evaluation of Apy from

this form of equation (2) are listed in reference 3.
The over-all pressure drop Ap &and the Mach number Mra

were obtalned directly from tabulations of the preasures
and the Mach number in reference 3. A comparison of the
test values of Ap/Apy wlth theoretical values taken

from figure 5(a) 1s shown in the following table:

Experimental Theoretical
52 ¥ ch Aﬁ Ap Ap
(1b/sq £t)| 2 11 (1v/sq £8) | Fpp 3py
TL,1k6 lo.270 | 5.8L 1 2,0 1 1. 1.51
%,igz .338 3.9u 5y 1 aa.gg a2..89
16,179 327 | L.13| 11,891 a2.18 82.11
17,607 ! 297 .12 7,555 1.51 1.49

83o0nic velocity attained at tube exit.
WP
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Good agreement between -theory and experiment 1s shown.
The accuracy of the theoretioal curves of flgure 5 has

-been verified for the condftions of extremély high Iniet

pressures, as well as for the more usual conditions
(atmospheric inlet pressure) existing for the tests of
reference 3, which are shown in table I and figure 6.

As a matter of further interest, a check on the
valldity of the present theory may be made by computing
the pressure distribution along the tube and comparing
the results with the experimental data. These calculations
were made by use of the present theoretical method, in
which the pressure drops were computed for tubes of the
same diameter (3/8 inch) as the test model but of lengths
varylng from 1 to 10 feet. The computed pressure drop
for a tube 3 feet long, for example, was compared with the
mesasured pressure drop from the tube entrance to the
3-foot station. The theoretlcal pressures obtalned from
these computations are compared with experimental values
in figure 7. Reasonably good agreement will be noted for
all four test condilitions.

A princlpal assumption of the present theory was
that the veloclty profile across the tube sectlon was
uniform at all stations along the tube. The results of
the comoarisons in table I and in flgures 6 and 7 indicate
this assumptlon to be fully Justifled. In the analysls
of reference 7, 1n which account was taken of the
velocity-proflile shape, a simllar conclusion was obtalned
theoretically.

EXAMPLE OF USE OF CURVES

The use of the curves will be illustrated by
calculating the pressure drop for an o0ll radlator for
typlcal operating condltions. The dimensions of the
radlator are as follows:

Diameter, Inches ., . . ¢« ¢ ¢« ¢ & ¢« o o s o o« s o o 12
Duct dlemeter, Inches . . . ¢« ¢ ¢ ¢ o o 2 o & o & 12
Tube length, Inches . . . . ¢ ¢« ¢ ¢ « o « « s o = 12
Tube diameter (inside), inches . . . . . « . . . . 0.196
Tube diameter (outside), inches ., . . . . . . . . 0,210
Number of tubes . . . ¢« &+ ¢ & & ¢ ¢ ¢« « o « « « « 1900
Free-flow area, Args square feet . . . . . . . . 0.3%397
Duct area, A, and A;, square feet . . . . . . 0.785
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Basic radiator performance data.- Performance data
for the radlator are shown In rigure 8 in the form that
1s most generally used. The alr pressure-drop data glven
in curves of this type are frequently of limlted value
because the pressure drop 1s not adequately defined and
because the test conditlions under which 1t was measured
are not stated. As previously discussed, the pressure
drop may be measured by any one of at least four methods.
It 1s obviously necessary to state which method was used.
Pressure-drop data for the unheated radiutor are valuable
because they can be convenlently corrected to actual
overating conditions by analytical means. Data for a
speclfic heated condition are inconvenient to use because
they must first be ccrrected to the unheated condition.
The very wide variation of the heat-input parameter
encountered in actual installations makes it unlikely
that the test values of thlis purameter will coinclde with
the required design value.

Assumed operating condltions.- The followlng assumed
operating condltlons apply to a tynlcal oll-cooler
Instellation in an alrplasne flying 1n standerd sea-level
alr at a speed of the order of [,0O miles per hour:

Alr temverature at station 2, °F . . . . . . . 88
Alr pressure at station 2, pp,

pounds per square foot,absolute . . . . . 2554
Alr censlty at station 2, pj,

slugs per cuble foot . . . . . . . . . . . . 0.00272
Average oll temperature, °F . . e e e e 200
011 flow, pounds per minute . . . . . . . . . . 120
Heat rejection, H, Btu per second . . . . . . . 75

The heat rejected per minute per hundred degrees
temperature difference between the oll and the inlet-alr
stagnation temperature 1s

60 x 75 x 100
200 - 88

= 020 Btu per minute per 100°F

With this value, the welight flow of air required 1s found
in figure 8 to be 62 pounds per minute. The mass flow
is .
. hea
60 x 32.2

= 0.239 slugs psr second
Ui,
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The required mass flow willl deviate slightly from this
value 1f the tube Reynolds number varies from the test
conditions of figure 8. On the baslis of the pro-
portlonality relationshlp between the heat-transfer and
skin-friction coefficlents, the change in skin-friction
coefflcient with Reynolds number (fig. 2) may be used to
estlmate the corresponding changs in heat-transfer
coefficient and hence to detormine the change in mass
flow required. This effect 18 usually slight and, since
only the mass~flow determination 1s involved, 1s consldered
to be outside the scope of the present report and will
be neglected,

Calculation of friction drag coefflclent, ch -
1

The tube Reynolds number 1s

~od
Ar 2""

0.259 x 9*%%é

0.397 x %890 x 10~

R

10

= 25,300

From figure 2, for thls value of Reynolds number and for
LA = 61.2,

cp = 0,0057

L x 61.2 x 0,0057
1.40

c
D
£y

Calculstion of Mach number.~ The use of the curvesa
of flgure 5 requlres the Mach number Mra at the tube

entrance, Figure 3 gilves Mra directly in terms of the
known flow conditlions shead of the radlator; thus,
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mT2°'5 0.2%9 x (L60 + 89)0‘5
ApsDo 0.397 x 2540

0.0554

With this value, the Mach number 1s found from figure 3
to be

Mp, = 0.198

2

Calculation of heat-input parameter.- The rate of
heat Tnput Is specliied on the curves ol figure 5 by the
nondimensional parameter H/cpngra. This quantity 1s

evaluated from equation (6) as

H
cpEnTr, ~ 01893 <0 239 x 5h8> E +0.2(0.198) ]

= 0.074

Compresslbllity effect.- The pressure-drop ratio
Ap/Ap; 18 taken from Ilgure 5 for Cppy = 1.40,

- H .

Mp, = 0.198, and cp@nTrs 0.074. 1Interpolation between
the curves of figure 5(b) and figure 5(c) 1s necessary
because the heat-input parameter 1s intermedliate between
the values for these two parts of figure 5. The pressure-
ratio value obtalined 1s

For thls case, the effect of compressibllity 1s to
increase the pressure drop 17 percent above the value
for lncompressible flow. In order to compute the actual
pressure drop Ap, Ap;y wmust first be obtalned.

Calcuiation of Apy.- The basic incompressible-flow

value of the pressure drop can be obtalned from low-speed
test data or from calculatlons based on the radiator-tube
friction coefficlients shown In figure 2. The method
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involving the theoretlical calculations requires the use
of equation (2d) because the test pressure-drop data for
the present example is.in terms of . pp -~ p3. Fronm

A .
equation (2d), therefore, since Ay = A5 and —Eg = 0.506,
. 2

_Ag> - (u)
ra ), ira J
1+ 1.40 - (0.506)2 - 2E).506 - (0¢506)2]

= 1.64

Thlis computed value of Api/qrz will now be compared with
the value obtained from the test data of figure 8.

For & pressure drop of 5 inches of water, the flow
may safely be consldered lncompressible. At this test
condltion the welght flow 1s 197 pounds per minute.

Therefore,
____1.277_
32.2 x 60

0.102 slugs per second

B
I

and, for incompresslble flow,

o) =L (=Y
rah 2po Ar2

- 1 0.102 ¥
~ 2(0.002378) \0.397

= 1%.9
whence, for m = 0.102,
QE_: - 2% 5.21
1
= 1.87
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This value 1s greater than the previously calculated
value for m = 0.239 Dbecause of the lower tube Reynolds
number at Ap = 5 1inches of water (m = 0.102). The
Reynolds number for thls low mass flow 1s

_ md
R= Arop
0.196
0.102 x 0.195

12

" 0.397 x 3950 x 10-10

10,600

The value of the tube friction-drag coefficlent for this
mass flow 1s, from figure 2,

C =
(Dfi>m = 0.102

= 1.66

} x 12 x 0.0068
~ 0.196 _

The value of CDf1 for the design condition has

been previously computed as 1.,0. The correction to be
applied to the low-speed test value of the pressure drop
(see equation (2)) is qr2(1.66 - 1.40); therefore,

Ap _\ _
<ér2 ) = 1.87 - (1.66 - 1.40)

= 1.61
This result, based on the test data, compares very
satisfactorily with the value 1.6l previously computed
from equation (2b) and equation (7).

The value of Apy; for the design condition is

Apy = 1.6L (Qrg)i
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Apy =

ERa Al

1.6l x 2p2 (%;£>

23

= 1.6k X 75550572 <o 397>

110 pounds per square foot

Calculation of Ap.- The value of the pressure drop
corrected for compressibility is, finally,

Ap
Ap = ZEI X Apj
= 1,17 x 110

129 pounds per square foot

Altitude effect.- The calculatlions made in the
11lustrative example for standard sea-level conditions
have been remneated for standard conditlons at an altitude

of 30,000 feet.

The same heat rejection, rate of oll

flow, o1l temperature, and alrplane speed were assumed

for both cases,.
are compared 1ln the followlng table:

The results obtalned in the two cases

) Sea 30,000
Quantlty level féet

Alr tempefature, to, OF 88 -19
Air pressure, pp, 1b/sq ft 2540 795
Alr density, p2, slugs/cu ft 0.00270 0.00105
Heat rejection, Btu/min/100°F L,020 2055
Mass flow, slugs/sec 0. 239 0.070
Reynolds number 25 8720
Friction coefficlent, CDf1 O 1.72
Mach number, Mrp 0.198 0.165
Heat-input factor, H/cpgmTrp 0.07L 0.31l
Pressure drop with compressibility

neglected, Apji, 1b/sq ft 110 29
Pressure drop corrected for com-

pressibility, Ap, 1lb/sq ft 129 1
Compressliblility correction,

percent Apj 17 ha

.
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The compressibllity effect is shown to increase
from 17 percent at sea level to L1 percent at 30,000 feet
for the typical oll-radiator installatlon assumed 1n the
example. It 1s of intereat to note that the oll-cooler
tube Mach number 1s somewhat less at altltude than at
sea level. A very large lncrease in the heat-input
parameter occurs, however, because of the decrease 1in
mass flow required and the heating effect therefore
becomes very large.

Other types of cooler lnstallation frequently requlre
an increasing value of Mpp wlth altitude. In the case
of ethylene-glycol radiators, for example, the Mach number
effect generally becomes very large at altitude and, in
meny cases, maekes 1t impossible to obtain adequate
cooling-air flow.

Summary of method.- The steps required in the use
of thée curves ol Ilgure 5 to obtain the corrected value
of the pressure drop are summarized as follows:

(1) Determine the rressure, temperature, and density
of the alr ahead of the radlator and the heat to be
dissinated.

(2) Obtain the required mass flow of cooling air
from the usual heat-dlisslpation data for the radiator.

(3) Compute the Reynolds number of the tube flow
and obtain the friction drag factor CDf1 from figure 2.

(4) Obtain the Mach number of the tube flow Mp,
from figure 3.

(5) Evaluate the heat-input factor H/cpgmTr, by
equation (6).

(6) From figure 5 with these values of CDeys Mrs,
and H/cpngrz, obtain the pressure-drop ratio Ap/Api.

(7) Compute Apgy from equations (2) or obtain it
from low-speed test data corrected to the design
Reynolds number.

(8) Evaluate 4p by multiplying Ap; by the
pressure-drop ratio Ap/Ap;.
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CONCLUSIONS

‘Simple ocurves are presented by which the baslc
pressure-drop characteristlics of unheated tubular
radliators can be corrected to operating conditions 1in-
which the radiator is heated and in which the Mach number
of the tube flow 1s of appreciable magnitude. The
following conclusions are ilndicated:

1. The accuracy of the simple method presented for
evaluating the compressibllity effects 1s verifled for
unheated tubes for the complete range of attalnable flow
(tube exit Mach numbers from O to 1.0) by experimental
data from two sources.

2. The effects of compressibility (density change)
on the pressure drop requlred to provide a given mass flow
of cooling air through a tubular rediator are shown to
be of appreclable msgnitude under present-day operating
conditions. Calculations for a t7pical oll-ccooler
installatlion 1adicated that the compresslbllity effect
Increased tiie pressure arop by 17 percent at sea levsl
and by lj1 percent at an altitude of 39,000 treet.

Langley Memorial Aeronautlcal Laboratory
Natlonal Advisory Commlttee for Aeronautlics
Lengley Fleld, Va.
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TABLE I
. ANALYSIS OF DATA FOR 20-MILLIMETER-DIAMETER
TUBES FROM REFERENCE 3 | '
Experimental Theoretical
Ap )
_m_ Yr., Ap P2 ap_ | %Pr; | ap
Mer P2 Gm/mcr)z Apy apy
L/d = 10
0.40 0.240 0.020 0.312 1.0 0.171 | 1.05
L5 273 .065 .320 1.0 .166 1.07
.50 .307 .080 .320 1.08 .161 1.09
.55 .32 .100 331 1.11 .158 1.11
.60 .378 .120 <33 1.12 .15 1.1
.65 418 <145 .3 1.16 .151 1 1.17
.70 1,58 .175 .357 1.20 .18 1.22
.75 .502 .210 373 1.26 146 1.27
.80 .553 .255 .399 . 1.34 143 1.3l
.85 .610 .315 4136 1. Z 141 1.L5
.90 .678 ;00 .% 3 1. .13 1.65
8.93 .728 550 | . Zo 82,16 .13 2.01
L/d = 60
0.40 0.2,,0 0.085 0.530 1.10 1.026 |. 1.10
A5 273 .110 .5@3 1.13 .996 | .1.13
.50 .307 .140 .560 1.17 .966 1.17
.55 342 .175 .578 1.20 948 1.22
.60 .378 .220 .612 1.27 .92% 1.28
.65 18 .275 .650 1.35 .90 1.36
.70 458 . %o .69 1.45 .888 1.47
.75 502 .é o] .81 1,70 .B76 1.73
a.77 .522 .630 1.062 |&2.22 .870 | 22.20

83onic velocity attained at tube exit.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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